Primary cultures of essentially pure human term trophoblasts were studied to determine their ability to support the expression of complete proviral clones of human immunodeficiency virus (HIV) and their permissiveness to this virus. Transient expression of molecular clones derived from two biologically distinct strains, BRU and NDK, resulted in the release of comparable amounts of infectious virions, which were rescued by cocultivation with permissive CEM-SS cells. Trophoblasts were inoculated with three HIV-1 isolates, RF, 3B and NDK, which differ in their cytopathogenicity on T lymphoblastoid cells. Infection of cells by all three strains was demonstrated by the presence of virus-specific proteins in the trophoblasts and the detection of virus gag gene-related DNA sequences by the polymerase chain reaction (PCR), but cells were more susceptible to infection with the RF and NDK strains than with the 3B strain. The virus was readily transmitted to the CEM-SS cells with simultaneous formation of syncytia between the two cell types. Flow cytometry and direct radioimmunoassay revealed no trace of the CD4 receptor on the surface of the cultured trophoblasts and CD4 mRNA could not be detected by Northern blot hybridization, although a minimal amount of CD4-associated mRNA was detected by PCR. Our data suggest that infection of trophoblasts occurs independently of the pathway mediated by CD4.
Introduction
Prenatal transfer of human immunodeficiency virus (HIV) to the foetus occurs with an incidence which has not been precisely defined, but which is expected to be significant (Weber, 1987; Chermann, 1990; Gillet et al., 1990) . This mode of transmission, together with infection acquired intrapartum and postpartum, now accounts for the majority of paediatric AIDS cases (Falloon et al., i989 ), yet the mechanism by which the virus is transmitted in utero remains a mystery. Theories regarding the role of placental tissue in HIV transmission focus on the syncytiotrophoblast, which is believed to have a placental barrier function, and recent findings suggest that the trophoblast may take part in the transplacental transmission of HIV (Maury et al., 1989; Lewis et al., 1990) . However, there may be routes that bypass the trophoblast barrier; these may be associated somehow with maternal-foetal haemorrhages (Desai & Creger, 1963; Jennings & Clauss, 1978) .
Although tissue explantation has made it possible to study certain aspects of HIV infection in placental villi (Maury et al., 1989) , no additional supportive data are 0001-0047 © 1991 SGM available on the interaction of HIV with the trophoblast in vitro. Attempts to obtain such data were hampered largely by the fact that primary trophoblast cultures devoid of contaminating cells were practically unattainable. The introduction of an immunomagnetic separation technique (Douglas & King, 1989) has provided a highly efficient way of establishing cultures free of contaminating cells, providing an experimental system suitable for study of the interaction of HIV with trophoblasts.
Methods
Primary chorionic cytotrophoblast cultures, stable cell lines and virus stocks. Trophoblasts were isolated from normal term placentae by trypsinization and PercoU gradient centrifugation, as described by Kliman et al. (1986) and slightly modified by T6th et al. (1990a) . The mononuclear trophoblast yield was assessed by indirect immunoperoxidase staining with an anti-human cytokeratin (DAKO-CK1, LP34; Dakopatts) monoclonal antibody (MAb) and detection of endogenous alkaline phosphatase with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium as chromogenic substrate. Only cells with a purity of more than 90% were used for further purification (Douglas & King, 1989) . Briefly, in the first stage non-villous trophoblasts were reacted with MAbs against human major histocompatibility class I and II antigens DAKO-HLA-ABC, W6/32 and DAKO-HLA-Dr, DK22 (Dakopatts). MAbs were added in 50 ktl amounts to 107 cells and incubated for 45 min on ice. The cells were then washed with RPMI 1640 containing 5 % foetal calf serum (FCS), the pellet was resuspended to the original concentration and superparamagnetic polystyrene microbeads coated with sheep anti-mouse IgG antibody (Dynabeads M-450: Dynal) were added to a ratio of four beads per cell. After allowing attachment to proceed for 45 rain with continuous agitation, the labelled ceils were removed using a magnetic particle concentrator. Cells which remained in the suspension were checked for purity using MAbs against macrophage-associated antigen CD68 (DAKO-CD68, EBM 11 ; Dakopatts) and vimentin (DAKO-Vimentin, V9; Dakopatts) by indirect immunofluorescence. This procedure regularly yielded a cell population virtually devoid of any contaminating cells. Purified trophoblasts were cultured in RPMI 1640 supplemented with 10% FCS, glutamine and antibiotics.
TE 671 (HTB 139), a rhabdomyosarcoma cell line (Stratton et al., 1989) , was maintained in supplemented Dulbecco's modified MEM. The CEM-SS cell line, which is highly sensitive to the formation of HIV-induced syncytia, was propagated in supplemented RPMI 1640 medium (Nara et al., 1987) .
The HIV-1 isolates used were RF, 3B (kindly provided by R. C. Gallo, NIH, Bethesda, Md., U.S.A.) and the Zairian strain, NDK (Ellrodt et al., 1984) . Stock suspensions were prepared by propagating the virus on H9 cells and the virus content of cell-free culture supernatants was determined by a syncytium formation assay (Nara et al., 1987) . The stocks contained 7-7 x 105, 2.3 x 105 and 7.3 × 105 syncytium-forming units of strains RF, 3B and NDK per ml, respectively.
Transfection of biologically active HIV-1 molecular clones and infection procedure. Molecular constructs pNLBT and pNDK (Spire et al., 1989) , corresponding to the HIV-1 prototype isolate BRU (Barr/>Sinoussi et al., 1983) and strain NDK, respectively, were used. Introduction of infectious plasmids and the pCHll0 control plasmid, encoding fl-galactosidase (Pharmacia LKB Biotechnology), into cells 24 to 48 h after seeding was achieved using cationic liposomes (Lipofectin; BRL) and protocol B (Feigner et al., 1987) . The culture medium and cells were harvested and analysed for virus by antigencapture ELISA (Ag-ELISA) (Nielsen et al., 1987) 60 h after transfection; at the same time the cell-associated virus-specific antigens were detected by an immunoperoxidase assay (IPA). In parallel cultures, cocultivation was initiated 17 h after transfection by adding CEM-SS cells in a 1:1 ratio to the target trophoblasts and leaving them in contact for 3 days. Lymphoid cells were then separately subcultivated biweekly for up to 10 days and the supernatants were checked for virus by a reverse transcriptase (RT) assay (Willey et al., 1988) . Mock transfection without target cells was used as a control for the cocultivation experiments.
Monolayers containing 4 × 105 cells were grown for 24 to 36 h before inoculation with 240 ~tl cell-free native or heat-inactivated virus. Heat treatment for 30 min at 56 °C has been shown to abolish virus infectivity reliably (Spire et al., 1985) and has been demonstrated to prevent infection of malignant trophoblastic cell lines . Cultures were left in contact with the virus for 24 h at 37 °C and then extensively washed and incubated for a further 3 days. They were then stained for HIV antigens or processed for DNA templates by the polymerase chain reaction (PCR). Cocultivation with CEM-SS cells was started 24 h post-infection (p.i.) as described for transfections.
Detection of HIV-1 DNA by PCR. The cultures were thoroughly rinsed with PBS 3 days after inoculation and large syncytia were scraped off with a finely drawn-out glass capillary. The syncytiotrophoblasts were washed once more with PBS and the pellet was lysed with 10 mM-Tris-HC1 pH 8.0 containing 0-001% Triton X-100, 0.0001% SDS and 1.2 mg/ml proteinase K. Lysates were incubated for t h at 56 °C, denatured for 10 rain at 95 °C, quickly chilled on ice and stored at 4 °C. A pair of extension primers was employed for targeting the highly conservative regions of the gag gene and these enabled amplification of a 590 bp genomic segment with the 5' terminus corresponding to position 1053 of the HIV BRU sequence (Database of Human Retroviruses and AIDS 1989, accession K02013). The primer sequences were ACTAGTACCCTTCAGGAACAAA for the sense primer (22-mer), and TTCCCTAAAAAATTAGCCTGTC for the antisense primer (22-mer). The optimal reaction conditions were defined as 50 mM-Tris-HCl pH 9-0, 50 mM-KC1, 15 mM-ammonium sulphate, 7 mM-MgC 12, 200 taM-dNTPs, 15 pmol of each primer, 1 unit (U) Perfect Match (Stratagene) and 2.5 U AmpliTaq DNA polymerase (Perkin Elmer Cetus) per 100 Ixl. A total of 50 cycles was performed, each consisting of denaturation for 0.5 rain at 90 °C, primer annealing for 1 min at 55 °C and elongation for 1 rain at 72 °C on a thermal cycler Dri-block PHC-1 (Techne).
Amplification products were analysed by fractionation of 10 Ixl aliquots in a 1% agarose gel and their size was estimated by comparison with HaelII-digested pBR322. The samples were then vacuum-blotted onto an Immobilon N membrane (Millipore) and hybridized, according to the manufacturer's instructions, with 32p-labelled randomprimed probe derived from the 8-9 kb fragment (SacI-SacI) of an HIV-1 BRU genomic clone (Alizon et al., 1984) . The membranes were washed at high stringency in 0-2 x SSC, 0.1% SDS at 60°C and exposed to Kodak XAR film at -80 °C with an intensifying screen.
Immunocytochemical detection of HIV antigens. IPA was carried out using IgG isolated from human sera known to contain HIV-specific antibodies (Nielsen et al., 1987) . After fixing with 50% methanol in acetone and washing with PBS, the cells were incubated first with biotinylated polyclonal antibody and then with the second stage r reagent (avidin-horseradish peroxidase conjugate; Dakopatts). The location of bound peroxidase was revealed with substrate, chromogen and enhancer (0-03% HzO2, 0.05% diaminobenzidine tetrahydrochloride and 0.04% NiCI 2 in PBS).
Analysis of the CD4 receptor by flow cytofluorometry and direct radioimmunoassay (RIA).
Immunoaffinity-purified trophoblasts and CEM-SS cells (Nara et al., 1987) , which express CD4 at high levels, were processed simultaneously. The cultured trophoblasts were dislodged using 2 % EDTA in PBS just before they reached the stage of syncytium formation. They were dispersed into single-cell suspensions and approximately 106 cells were incubated with biotinylated anti-Leu3a MAb and subsequently with the reporter molecule, streptavidinphycoerythrin conjugate (both from Becton Dickinson), according to the manufacturer's instructions. Omission of the primary antibody was used as a control for the staining procedure of both cell preparations. Approximately 105 cells were analysed using an Epics Profile Analyser (Coulter).
Anti-Leu-3a MAb, labelled with ~-'5I by the chloramine-T method (Mapoles et al., 1985) , was used (McKeating et al., 1990) to process the cells after the primary labelling of the trophoblast monolayers in situ; TE 671 and CEM-SS cells were used as controls. CEM-SS cells also were treated with 0.25% trypsin in PBS for 15 rain at 37 °C to remove surface CD4. All cells were reacted with x25I-MAb under identical conditions and the evaluated number of trypsin-treated and native CEM-SS cells was equivalent to that of trophoblasts and TE 671.
Northern blot and PCR analysis of CD4 mRNA. Total cellular RNA was isolated by the guanidinium isothiocyanate-c~aesium chloride method (Chirgwin et al., 1979) and poly(A) ÷ RNA by oligo(dT)-cellulose chromatography. Samples of total RNA (30 txg) were analysed by Northern blotting (Fourney et al., 1988) and specific transcripts were detected using the random-primed 32p-labelled probe synthesized on a template from a 1-7 kb (EcoRI BamHI) CD4 coding sequence of pT4.4 (courtesy of D. Littman, University of California, San Francisco, Ca., U.S.A.) (Maddon et aL, 1985) . Hybridization was performed under conditions similar to those used for the HIV DNA PCR and molecular sizes were determined using a 0.24 to 9-5 kb RNA ladder (BRL).
Polyadenylated RNA was used for primer-directed enzymic amplification of CD4 RNA. The synthesis of cDNA was performed using Moloney murine leukaemia virus reverse transcriptase (BRL) according to the manufacturer's instructions. Mapping amplirners specific for CD4 (Clontech) enabled amplification of 437 bp located in the 3' region of the coding sequence of the gene. PCR reaction conditions were identical to those for the HIV-1 DNA amplification except that 25 pmol of primers per 100 ~tl reaction was used and 25 cycles were performed. Each cycle consisted of denaturation at 90 °C for 30 s, annealing at 62 °C for 1.5 min and elongation at 72 °C for 2 min. The specificity of the amplified CD4 sequences was confirmed after blotting onto an Immobilon N membrane and hybridization with the probe derived from the pT4.4 plasmid, as described above.
Results

Transfection of purified trophoblast cultures with infectious HIV-1 molecular clones
The two infectious proviral clones corresponded to strains known to be distinctly cytopathogenic to the MT4 cell line (Spire et al., 1988) . Ag-ELISA and IPA showed that expression of the clones was comparable, as determined by the level of cell-associated viral structural components 60 h after introduction of the plasmids. Furthermore, the Ag-ELISA revealed comparable amounts of cell-released virus-specific antigens in the culture medium at the same time after transfection (data not shown). Cocultivation with CEM-SS cells proved that the cells released complete and fully infectious progeny virus. The rapid rise in virus-associated RT activity, with the peak reached on day 7 (Fig. 1) , demonstrated transfer of virus produced de novo in transfected trophoblast cultures.
Primary trophoblast cultures infected with HIV-1 isolates
After 24 to 36 h, the majority of initially mononuclear trophoblasts aggregated to form large syncytial structures. Following inoculation, immunocytochemical detection of H I V antigens revealed that infection was confined typically to such syncytia ( Fig. 2 a) ; no infection was seen after inoculation with heat-inactivated virus (Fig. 2b) . Nevertheless, the overall number of positively reacting syncytia in the culture was less than 7% for the RF and N D K isolates, and markedly less after inoculation with 3B (approx. 1%). In the multinucleated syncytiotrophoblasts positive reactions were restricted to discrete cytoplasmic areas. Light microscopy showed no cytopathic change or altered morphology throughout the study. The addition of highly permissive CEM-SS cells resulted in the formation of giant balloon-like syncytia which typically adhered to syncytiotrophoblasts (Fig.  2c) ; this was seen only with live virus (Fig. 2d) . IPA showed abundant HIV-specific antigens, mostly polarized on the lymphoid syncytial structures (Fig. 2e) . Cytopathic alteration of CEM-SS cells was found with the RF isolate ( Fig. 2c and e) ; the N D K isolate gave a similar result. With the 3B isolate, however, the kinetics of the c.p.e, progressed considerably more slowly and consequently only the initial stages of syncytia were observed with fewer changes and less antigen expressed. Fig. 2 (c) shows firmly trophoblast-bound syncytia only; free inter-CEM-SS cell syncytia in the culture were decanted and propagated in a separate culture, and growth of all three isolates was demonstrated by RT activity (data not shown).
To prevent transfer of the virus from the inoculum (Tateno et al., 1989; , the standard inoculation procedure was carried out, but cocultivation with CEM-SS was begun only after the trophoblast cultures were trypsinized 24 h p.i. The HIV-nonpermissive COS-I ceil line was included in parallel as a control, After infection, virus replication in cocultured CEM-SS cells but not COS-1 cells peaked for all three strains between days 9 and 12 (data not shown). This unambiguously demonstrated that virus rescue was from replication in the trophoblasts.
The syncytia of the infected trophoblasts contained viral D N A when examined for H I V sequences by P C R (Fig. 3) . However, when the virus was heat-inactivated, no provirus-associated sequences were revealed. This agrees with our previous observation that HIV-1 D N A detected by the P C R conditions used was not due to proviral sequences contaminating the inoculum . The autoradiogram suggested a correlation between the number of amplified sequences and the infectivity of the individual isolates.
Expression of the CD4 receptor by the cytotrophoblast
The same pool of purified trophoblasts was used for the analysis of CD4 expression and for studies on their permissiveness to HIV replication. Flow cytometric analysis of the CD4 surface receptor of CEM-SS cells showed the expected distribution (Fig. 4) ; fluorescence of the control preparation perfectly matched that of the trophoblasts, which implies that the receptor is lacking determined previously (Nara et al., 1987) .
at this sensitivity. As a n alternative, we e m p was r e m o v e d by t r y p s i n i z a t i o n a n d the cells were analysed by both t e c h n i q u e s (data n o t shown). T h e residual fluorescence signal was a b o u t 3 ~ of t h a t of the u n t r e a t e d control, b u t u s i n g the R I A the d i s c r i m i n a t i o n from b a c k g r o u n d was slightly better. Nonetheless, the latter assay also failed to detect surface C D 4 o n t r o p h o b l a s t s ; there was virtually n o difference b e t w e e n the m e a s u r e d m e m b r a n e -b o u n d activity a n d that of T E 671 cells, w h i c h have b e e n s h o w n to lack the C D 4
receptor (Clapham et al., 1989; Harouse et al., 1989) (Fig. 5) .
To explore the possibility that CD4 mRNA was expressed in the cells and could encode the receptor in amounts undetectable by the immunoassays, we tested for CD4-specific mRNA by Northern blotting and cDNA-PCR. Although no CD4 gene-specific transcripts were detectable by hybridization analysis of total RNA (Fig. 6a) , PCR-mediated amplification produced a signal suggesting that minute amounts of CD4-related mRNA were present (Fig. 6b) . In the samples of CEM cells and cytotrophoblasts, the 437 bp Y-terminal segment of the CD4 coding sequence was specifically amplified only after reverse transcription.
Discussion
Although prenatal HIV transmission is supposed to be of significance for the pathogenesis of AIDS in the neonate (Falloon & Pizzo, 1990) , a model that monitors the details of this event has not been proposed, although data suggest that placental tissue might be involved in vertical transmission of HIV (Jauniaux et al., 1988; Maury et al., 1989; Lewis et al., 1990) . In the present study we provide data on the permissiveness of cultured trophoblasts for HIV replication and the productive character of the infection. Our results imply that infected trophoblasts may have the capacity to induce syncytia with susceptible CEM-SS cells, which would be expected to promote further spread of infection. Such syncytium formation is assumed to be a general phenomenon resulting from the interaction of viral envelope glycoprotein gpl20, expressed on infected cells, with the CD4 molecule (Lifson et al., 1986; Ashorn et al., 1990) . It suggests that infected trophoblasts may introduce the virus into the highly permissive system. In this sense the transfer of HIV from chorionic trophoblast to foetal CD4-positive T cells has been envisaged to occur in villous stroma (Lewis et al., 1990) . However, the existence of other routes, circumventing direct trophoblast infection, for HIV transmission in utero cannot be ruled out. Despite the fact that HIV can pass through the placental barrier, the trophoblast is assumed to restrict the rate of infection transmission, which is due, at least in part, to the recently described non-specific immune effector mechanisms (T6th et al., 1990b; M. N. Thang, personal communication) . However, the ultimate foetal infection appears to be the outcome of a complex interplay of multiple events which result from virus-host interactions (Goedert et al., 1989; Devash et al., 1990) .
The CD4 molecule has been described as the major functional receptor for HIV on T cells and monocytes (Clapham et al., 1989) . Our results, however, support the conclusion that this receptor is not required for HIV infection of the trophoblast. Although very small amounts of CD4-associated transcripts were found by enzymic DNA amplification, as is also the case in choriocarcinoma cell lines , its functional importance in HIV infection remains undetermined. On the basis of numerous data it becomes evident that HIV may enter some cell systems via alternative, CD4-independent pathways (Tateno et al., 1989; Cao et al., 1990; Li et al., 1990; Schmitt et al., 1990) . Nevertheless, we could not confirm reports by Maury et al. (1989) that villous trophoblasts express the CD4 molecule.
The data also show that isolates which are distantly related genetically display differential tropism for targets. Diversity in the biological properties of HIV is well known and a plethora of reports refers to both the T and B lymphoid host cell systems (see e.g. Dahl et al., 1987; Monroe et al., 1988; Feny6 et al., 1989) . Our previous study has shown significant differences in the ability of different established laboratory HIV strains to infect and persist in the CD4-malignant trophoblastic cell lines. In view of the marked genetic diversity of HIV and the dynamics of its changes in vivo (Meyerhans et al., 1989) , we propose that a particular HIV subpopulation may arise that can be transmitted preferentially across the placental barrier by cell-to-cell spread. Our findings suggest that trophoblasts may become directly involved in the vertical transmission of HIV.
